Streptomyces antibioticus produces a family of actinomycin components which differ solely at the "imino acid" site of the molecule; however, new congeners of actinomycin are synthesized when cultures are supplemented with pipecolic acid (PA). The The actinomycins are inhibitory to the growth of certain bacteria; in addition, one of the actinomycins (actinomycin IV or D) has been used successfully as a carcinostatic agent in the treatment of certain human malignancies (5, 17) . The major problem with the use of this drug in the treatment of human disease, however, has been its severe toxicity. Attempts have been made to isolate actinomycins which exhibit decreased toxicity while at the same time retain biological effectiveness. Consequently, the qualitative nature of the actinomycins has been investigated extensively (11, 18) in order to find one with a useful therapeutic index.
antibiotic produced. Although PA-containing actinomycins were formed as early as 6 h after the addition of 250 Ag of L-PA per ml, it was not until 24 h postaddition that the relative percentages of actinomycin components produced approached a constant value. Evidence presented here indicated that the L-isomer of PA replaces L-proline in the pentapeptide of actinomycin.
The actinomycins are inhibitory to the growth of certain bacteria; in addition, one of the actinomycins (actinomycin IV or D) has been used successfully as a carcinostatic agent in the treatment of certain human malignancies (5, 17) . The major problem with the use of this drug in the treatment of human disease, however, has been its severe toxicity. Attempts have been made to isolate actinomycins which exhibit decreased toxicity while at the same time retain biological effectiveness. Consequently, the qualitative nature of the actinomycins has been investigated extensively (11, 18) in order to find one with a useful therapeutic index.
From earlier studies (2, 9, 10) , it was apparent that controlled biosynthesis of various actinomycins could be effected through supplementation of cultures with sarcosine, proline analogues, or isoleucine with any actinomycinproducing Streptomyces (14, 15, 18) . These investigations revealed that the nitrogen source(s) supplied to the organism was the most important factor influencing the qualitative and quantitative nature of the actinomycins synthesized. Furthermore, it has been demonstrated that new congeners of actinomycin, differing at the "imino acid site," were formed when cultures of Streptomyces antibioticus were supplemented with the proline analogue DL-pipecolic acid (PA) during antibiotic production (11) .
Recent studies revealed that the PA found in the PA actinomycins had replaced L-proline in one or both pentapeptides in the antibiptic (6, 7) . It was further demonstrated that one of these new PA actinomycins (Pip 1l3) possessed biological activity quantitatively identical to actinomycin IV (7), but with a sevenfold reduction in toxicity (J. V. Formica, A. J. Shatkin, and E. Katz. Bacteriol. Proc., p. 58, 1967) . Because of its potential clinical usefulness, it was necessary to define cultural conditions resulting in actinomycins which contained PA. This report will describe the effect of D-, L-, and DL-PA 'on the quantitative and qualitative nature of the actinomycins produced by S. antibioticus. Evidence is provided showing that the L-isomer of PA replaces L-proline in the pentapeptide portion(s) of the antibiotic. mers of PA hydrochloride were purchased from Calbiochem, Los Angeles, Calif. D-Galactose and D-glucose were purchased from Difco Laboratories, Detroit, Mich., and J. T. Baker Chemical Company, Phillipsburg, N.J., respectively. D-Amino acid oxidase and catalase were purchased from P-L Biochemicals, Inc., Milwaukee, Wis. All other chemicals were purchased from commercial sources.
Conditions of cultivation. S. antibioticus strain 3720 was grown at 28 C in a glutamic acid-mineral salts medium containing 1.0% galactose and 0.05% glucose as described previously (15) . For the production of the PA actinomycins, D-, L-, or DL-PA was added to the medium 24 h after inoculation and harvested under conditions described in Results.
Chromatography. Circular paper chromatography used to establish the qualitative and quantitative composition of actinomycin mixtures was described previously (6) . The organic phase of the following mixture was used to develop the chromatograms: 10% sodium-O-cresotinate-butyl ether-butyl acetate (4: 1: 3, vol/vol/vol).
The amino acid composition of the actinomycins was determined by examination of hydrolysates using ascending paper chromatography. The chromatograms were developed by using a solvent system consisting of the upper phase of n-butanol-acetic acid-phenol-water (3:1:1:5, vol/vol/vol/vol) (6) .
Hydrolysis of actinomycin. Known quantities of an actinomycin preparation were hydrolysed in a Teflon-lined, screw-capped test tube in 6 N HCl at 15 lb/in2 and 121 C for 3 h and processed as described previously (16) .
Analytical methods. Growth was determined as the dry weight of the mycelium. Culture suspensions were harvested and washed by vacuum filtration and transferred to tared aluminum weighing pans. The mycelial mass was dried at 95 to 100 C to constaht weight.
The actinomycins were extracted from culture filtrates by using an equal volume of ethyl acetate. The concentration of antibiotic was determined by measuring the absorbance of the extract of 442 nm (16) .
Actinomycin mixtures were resolved by circular paper chromatography. The resolved components were cut out from the paper and eluted with methanol-water (9:1, vol/vol), and the concentration was determined spectrophotometrically at 442 nm (16) . The relative amount of each component or band was expressed as a percentage of the total absorption.
Proline and PA concentrations in hydrolysates were determined by the method of Troll and Lindsley (20) and Schweet (19) , respectively.
Amino acid oxidase treatment. The isomeric form of PA in the actinomycins was determined by subjecting hydrolysates to a modified oxidase procedure described by Burton (4) . A known volume of hydrolysate was added to the following system, made to 1.0 ml with distilled water: 0.5 ml of 10-1 M potassium phosphate buffer, pH 7.8; 0.1 ml of 10-4 M flavine adenine dinucleotide; 0.2 ml of D-amino acid oxidase (0.5 Ag/ml); and 0.0019 mg of catalase (4,500 units/mg of protein). Samples, taken from the reaction mixture after 2 h of incubation at 37 C, were examined by ascending paper chromatography. The disappearance of ninhydrin-reactive material served as a parameter of the reaction.
RESULTS
Differential effect of PA isomers on production. PA was supplied exogenously to S. antibioticus 24 h after inoculation into production medium and harvested at the intervals indicated in Fig. 1 . Growth was essentially unchanged after the addition of 250 ,g of D-, L-, or commercial racemic DL-PA per ml to the medium. Antibiotic production, however, was decreased substantially in flasks supplemented with 250 gg of L-PA or DL-PA per ml, whereas production was essentially unchanged from control cultures when 250 jig of D-PA per ml was supplied. These data clearly show that antibiotic production was decreased when either L-or DL-PA was supplied exogenously to cultures ( Fig. 1) .
In order to ascertain the concentration of PA that was minimally inhibitory to total antibiotic production and maximally stimulatory to the formation of PA actinomycins, artificial racemic mixtures of PA were prepared and added to cultures. The cultures were harvested after an additional 96-h incubation.
It was found that as the concentration of L-PA supplied to cultures was increased, and the concentration of D-PA was decreased concomitantly (in an artificial racemic mixture totaling 250 ,ug/ml), total antibiotic production decreased proportionately until the racemic mixture contained 125 ,ug of L-PA per ml. Further increases in the L-PA concentration did not affect yield appreciably (Table 1) . Moreover, similar results were obtained when L-PA alone was supplied in similar concentrations. In addition, supplementation with as little as 25 jg of L-PA per ml (with or without additional D-PA) increased the number of bands, resolvable by circular paper chromatography, from three (control) to five. The actinomycin components in these bands were identified by co-chromatography with authentic actinomycins.
In control cultures, or those supplemented with D-PA alone, the band nearest the origin (band 1) was found to contain actinomycins I, I, and III. These actinomycins were not re-'T'ABLE 1. Actinomycin yield from S. antibioticus cultures supplemented with PA isomers 0  103  250  0  0  98  225  25  0  80  25  67  200  50  0  70  50  58  125  125  0  54   125  49  50  200  0  49  200  44  0  250  0  40  250  44  0  0  250  55 solved as individual components in the solvent system used for this study. ,ug/ml with L-PA alone. There was, in addition, a concomitant decrease in actinomycin IV production. This decrease in actinomycin IV production was more pronounced when both L-and D-PA were present in the medium. Similarly, Pip la, which migrated contiguously with actinomycin V in this chromatography system, comprised all of band 3 when up to 250 Mg of L-PA per ml had been supplied to cultures. This Time-course study. The time-course of appearance of the new actinomycins was determined by harvesting and extracting cultures at intervals after the addition of L-PA. The results indicated that, in addition to actinomycin IV, PA actinomycins were produced as early as 6 h after the addition of L-PA (250,g/ml) ( Table 3) . At 6 and 12 h, Pip 2 was identifiable; however, there was, in addition, a very broad, diffuse, intermediate band (band 3) which was probably composed of actinomycins V, Pip la, and Pip i,B. After 18 h, the actinomycins produced in the presence of L-PA were resolved in the five familiar bands. It was not until the 24-h time period that the relative percentages of the components identified approached a constant value (Table 3) . After this period of incubation, the number of bands produced and their relative percentages did not vary even when incubation was continued through 144 h. Moreover, it was observed that as the percentage of total yield of the PA actinomycins increased with incubation time in the presence of L-PA, the percentage of actinomycin IV decreased. This observation indicated that actinomycins produced in the absence of L-PA were being qualitatively altered by the presence of L-PA; consequently, synthesis of normal actinomycins was depressed.
Amino acid composition of the actinomycins. When the hydrolysates prepared from unresolved actinomycins produced in the presence of L-PA were developed by ascending paper chromatography, the presence of PA was revealed in addition to that of proline, N-methylvaline, valine, threonine, and sarcosine (Fig. 2 , columns 4 and 6). By contrast, PA was not detected in hydrolysates prepared from ac- tinomycins produced in the presence of D-PA (Fig. 2, column 5) , which substantiates the Isomeric form of PA in the antibiotic.
Because PA was detectable only in hydrolysates of actinomycins produced in the presence of L-PA, it was of interest to ascertain the stereoisomeric form of the incorporated PA.
It is known that D-amino acid oxidase oxidizes D-PA, whereas L-amino acid oxidase does not destroy L-PA (8) (Fig. 2, column 1) .
Similar treatment of L-PA did not result in the destruction of this isomer (Fig. 2, column 2 A lack of effect by D-PA can also be explained as being due to the insensitivity of enzyme(s) responsible for imino acid incorporation. This study shows that, even in the presence of excess D-PA, L-PA apparently was incorporated into the antibiotic at approximately the same level as when L-PA alone was used in similar concentrations.
Finally, the lack of effect of this D-enantiomorph may be due to its failure to be transported into the cell. D-Valine and D-isoleucine did inhibit antibiotic production, which strongly suggests that they were taken up by the cell (12) . These differences are currently under investigation.
